Background: Hip arthroscopy is rapidly becoming the mainstay of treatment for femoroacetabular impingement (FAI), but remains technically demanding and has its limitations. The failures of arthroscopic FAI surgery due to inaccurate and inadequate resection are reported to be increasing. Computer-assisted surgery (CAS) can theoretically improve the accuracy and precision of the osseous resections required to treat FAI. It does so by providing a preoperative assessment tool, an intraoperative tracking device, and a robotic-assisted cutting instrument. Questions/Purposes: The purpose of this review is to discuss the evolution of CAS to address the current limitations of arthroscopic FAI surgery and propose the features required of the ideal CAS solution for FAI. Methods: A computerized keyword search of MEDLINE was performed for studies that investigated the use of computer assistance in FAI surgery. Data was collected on preoperative assessment tools, intraoperative navigation programs, and robotic-assisted execution of FAI surgery. Results: Sixty-one articles were identified after the keyword search. Nineteen studies met our inclusion criteria. Thirteen studies were selected to address our study questions: three studies were analyzed for preoperative planning, six for navigated osseous resection, and four for robotic-assisted execution. Conclusion: Navigation and robotic-assisted surgery can preoperatively plan and execute osseous resection with greater accuracy compared to freehand techniques, although the clinical success and cost-effectiveness has yet to be demonstrated. The ideal CAS solution must be able to virtually plan a resection, guide the surgeon towards accurate execution of the plan, and facilitate post-resection assessment of the adequacy of resection.
Introduction
There is little doubt that computer-assisted surgery (CAS) produces more accurate and precise results and reduces the learning curve in lower limb arthroplasty, trauma, and spine surgery [13, 33] . Efforts are now being made to incorporate computer-assisted solutions in the treatment of femoroacetabular impingement (FAI) .
Clinical studies have shown that resection of the osseous abnormalities that causes FAI improves function and relieves pain, regardless of whether it is done by arthroscopic or open techniques [3, 5, 6, 19, 32, 33] . With the inherent advantages of a minimally invasive approach and a recent systematic review reporting 67-100% of patients with good to excellent outcomes from arthroscopic FAI surgery [4] , it is not surprising that this form of treatment has been widely adopted in the last decade. It must be stressed however that favorable outcomes require strict attention to a thorough and accurate resection of the offending bony lesion. The most common reason for failure after arthroscopic FAI surgery is inaccurate resection [14, 25] . Despite the improvement in imaging techniques, hip arthroscopy instrumentation, and skill and experience of hip arthroscopists, the challenge of diagnosing, visualizing, and eradicating impingement lesions reliably remains a problem. The disease is often subtle, the surgery is technically demanding, and this combined with the increase in failures has in part fueled the drive towards computer-assisted solutions.
In this review, we will first outline the current limitations of arthroscopic FAI surgery. We will then discuss the evolution of CAS to address these limitations. Our final aim is to propose the features required of the ideal CAS solution for arthroscopic FAI surgery.
In its present form, preoperative planning is based on a static anatomical model. Preoperative assessment tools provide the surgeon with a patient-specific reconstruction of the osseous anatomy. These include imaging modalities such as radiographs, computed tomography (CT) scans, and magnetic resonance imaging (MRI) scans. Imaging modalities produce a static, anatomic preoperative analysis that not only characterizes "cam" and "pincer" lesions but also other structural anomalies that can be responsible for mechanical hip pain and impingement. A recent CT-based study looking at patients with symptomatic labral tears found that 90% of patients had structural abnormalities, which included femoral retroversion or excessive anteversion, coxa valga, and acetabular dysplasia, including lateral and/or anterior undercoverage [11] . It is essential to recognize these abnormalities when planning surgery for a patient with FAI.
Although an anatomic preoperative plan provides critical information, it still fails to identify the three-dimensional (3D) bony abnormalities of the hip. Historically, an anatomic plan relies on the alpha angle [23] . This angle is drawn on MRI cuts parallel to the axis of the neck and passing through the center of the head and is defined by the axis of the femoral neck and a line connecting the center of the femoral head to the anterior extent of the concavity of the femoral neck. An angle of less than 50°is defined as normal. One goal for surgical correction has been proposed by Stahelin et al. who have recommended that an alpha angle less than 50°, or a reduction of the alpha angle by 20°(in cases of very large alpha angles), will result in satisfactory restoration of femoral head-neck offset [30] . This goal highlights many of the limitations of the alpha angle. It does not take into account the length of the cam lesion. If the "bump" is long, the resection may have to be advanced into the trochanteric fossa. Furthermore, the maximal loss of head-neck offset is present at different locations in different patients, and thus, a single value is limited in the information it provides [24] . The other issue that has been debated is what truly is a pathological value of the alpha angle? Clohisy et al. evaluated the alpha angle in patients with FAI and asymptomatic controls and found a comparable range of normal and abnormal alpha angles in the two groups [9] . They could not define an alpha angle threshold beyond which a pathological diagnosis can be considered. It has also been shown that the alpha angle, in itself, does not reliably correlate with the clinical range of motion with one study reporting that patients with insufficient offset correction showed a slightly better internal rotation than patients with satisfactory offset restoration [7] .
Intraoperative execution of a preoperative plan requires a high level of arthroscopic skills, good visualization, the identification of the margins of the osseous impingement lesion, and deciding on the adequacy of resection. The steep learning curve associated with arthroscopic FAI surgery is well documented [16] . Potential technical errors are present in almost every part of the procedure from positioning, cannulation, visualization, and osseous resection. With the increasing popularity of the procedure, it is likely that more failures due to poor visualization and hence technical error will occur. The hip arthroscopist at present combines fluoroscopy with arthroscopy to perform an intraoperative assessment of an adequate resection. The problem with this approach is that 2D modalities are being utilized to define a 3D morphology. Even in the hands of experienced hip arthroscopists, who have achieved adequate exposure, the margins of the lesion are not always obvious. With cam lesions that extend posteriorly or distally, it is not uncommon for the inexperienced arthroscopist to abort the osseous resection once an adequate image is obtained on fluoroscopy without appreciating that further internal rotation or an accessory portal may show an inadequate resection. Osseous abnormalities are commonly under-resected, and this is a common cause for revision surgery, accounting for up to 78% to 90% of all failed arthroscopic hip surgery [14, 25] . On the other hand, over-resection beyond the margins of a cam lesion can compromise the cortical bone support of the femoral neck leading to fracture [19] . Over-resection of a pincer lesion can result in acetabular undercoverage and iatrogenic dysplasia. Postoperative instability and dislocation have also been reported after hip arthroscopy and are likely linked to over-resection [20, 28] .
Methods
In order to discuss the evolution of CAS to address the limitations of arthroscopic FAI surgery, a computerized keyword search of MEDLINE was performed to identify studies that investigated the use of computer assistance in FAI surgery. The keywords used in the search were (hip arthroscopy) AND (femoroacetabular impingement) AND (computer) AND (navigation) AND (robotic). The search generated 61 articles, of which 19 articles represented experiments investigating the use of CAS in FAI surgery. For the purposes of formulating a focused review, we selected 13 articles to address our study questions: three articles were analyzed for preoperative assessment tools, six for intraoperative navigated osseous resection, and four for robotic-assisted execution. These articles are summarized in Table 1 .
Results

Preoperative Assessment Tools
As previously discussed, preoperative planning using anatomic parameters, such as the alpha angle, has its limitations. In the future, anatomic plans may be rejected in favor of pure kinematic plans or collision detection algorithms which plan virtual bony resections to eliminate mechanical impingement and improve motion, especially flexion combined with internal rotation. Although these tools have been shown to be helpful in predicting postoperative range of motion (ROM) and have been validated, they also raise as many questions as they answer. Specifically, what parameter does one use to define adequacy of osseous resection?
Tannast et al. designed the first comprehensive preoperative assessment tools in 2005, utilizing "HipMotion" software (Bern, Switzerland) to perform a CT-based 3D kinematics analysis of the hip joint [32] . This software uses a kinematic plan to define zones of impingement and then predict improvement in ROM after a virtual resection. It therefore addresses the need for an accurate kinematic preoperative plan but also gives enhanced visual guidance to the surgeon in executing the plan precisely. The software reconstructs a 3D model of the pelvis and femur, which is digitized and orientated to the anterior pelvic plane (APP). After localization of the hip center, the native preoperative ROM is calculated using collision algorithms which determine ROM based on points at which contact (i.e., impingement) occurs (Fig. 1) . Hence, a zone of impingement is identified. A virtual surgical acetabular and femoral resection is then performed to delay impingement until later in the motion cycle. Virtual postoperative ROM is simulated by reconstructing the hip joint using the new parameters to assess the efficacy of the planned procedure (Fig. 2a, b) . This program was validated by the authors by integrating it with the imageless BrainLAB (Feldkirchen, Germany) software and comparing virtual with real ROM. Perhaps the most encouraging aspect of HipMotion is that it calculates the volume of resection based on an impingement-free postoperative ROM rather than a desirable postoperative alpha angle. The limitations of the program is that it assumes the hip joint has a perfect center of rotation, thereby not accounting for the translation which occurs with weight-bearing, hip motion, and muscular activation. This issue is now being debated, and more accurate models are being proposed [26] .
HipMotion was also used in a clinical pilot study by the same authors to compare the ROM in 28 hips with anterior FAI to a control group of 33 normal hips [17] . The hips with FAI had decreased flexion, internal rotation, abduction, and internal rotation in 90°of flexion. The zones of impingement were found anterosuperiorly and were similar in the two groups. The virtual postoperative ROM improved in all subgroups of FAI. In summary, there are various noninvasive preoperative software programs available which help the surgeon localize the zone of impingement, quantify the volume of resection, and predict postoperative ROM using both anatomic and kinematic data.
Intraoperative Navigation Programs
Navigation programs guide the surgeon intraoperatively to precisely reproduce preoperative plans. Navigation can be image-based, imageless, or fluoroscopically guided. Imagebased navigation obtains registration of anatomical landmarks with the use of osseous pins. With the pelvis, for example, pins are inserted into the anterior superior iliac spines and pubic tubercles. These pins allow the digitization of the pelvis in virtual space, align it to the APP, and match it to preoperative 3D MR or CT data. Imageless navigation achieves registration by the use of optical infrared trackers mounted on the pelvis, coupled with a calibrated optical pointer to register the anterior superior iliac spine and pubic tubercle. Fluoroscopically guided navigation uses a calibrated tracker on a specially designed C-arm which takes a series of images in multiple planes to establish registration. The intraoperative images are then matched with preoperative data. Due to the complex 3D osseous morphology in FAI, most navigation programs use 3D CT-based technology with either direct bony registration or 3D to 2D registration with specialized fluoroscopy. Once the patient's anatomy and spatial position has been registered by the computer, the instruments are registered, allowing the visualization and real-time tracking of the surgical instrumentation in relation to the virtual representation of the patient as defined by the preoperative imaging.
One of the first groups to intraoperatively track instruments during hip arthroscopy was from Pittsburgh (USA), who developed an encoder linkage system to track surgical instruments [21] . This eliminates the problem of occlusion with standard optical tracking systems. An encoder is a device which captures tool motion and orientation. The setup consists of a chain of rotational encoders connecting a surgical instrument to a reference point on the patient's pelvis. A similar chain is attached between the arthroscope and the pelvis. The encoder linkages are calibrated with preoperative, patient-specific 3D CT or MR imaging data so the position of the surgical tools can be verified with respect to patient anatomy. This system is unique in that it incorporates soft tissue as well as bony anatomy and therefore also serves as a useful aid for safe portal placement. The software therefore can warn a surgeon when a surgical instrument has moved too close to a neurovascular structure for example. This system has been tested by performing a user study where ten participants completed a simple navigation task with and without the aid of the system. The computer-aided system resulted in a 38% reduction in operative time and 78% reduction in tool path length [22] .
Brunner et al. performed a prospective study looking at the clinical outcomes and head-neck offset correction in patients with cam impingement in both navigated and non-navigated groups [7] . Fifty patients were randomized to receive navigated or "freehand" arthroscopic cam decompression. A 3D CTbased navigation system was used to upload a preoperative CT scan of the pelvis and crossmatch this with intraoperative fluoroscopy (Fig. 3) . This system gives the surgeon real-time information about the position of the surgical instruments in relation to the femoral neck. The study found no significant difference in femoral offset correction with 24% of subjects in both the navigated and non-navigated groups having an inadequate reduction of the alpha angle. Both groups showed significant improvements in ROM and non-arthritic hip scores, but with no demonstrable difference between the groups. This study once again illustrates the limitations of using the alpha angle as an outcome measure and emphasizes the importance of measuring clinical outcomes.
The third group to investigate intraoperative tracking is an Ottawa-based group that used an improved version of the software of Brunner et al. [2] . They tracked bony resection for cam impingement and assessed the adequacy of resection when comparing surgeons of varying experience which included a surgeon specializing in surgical correction of FAI deformities, a surgeon not specializing in surgical correction of FAI deformities, and a fellow. A preoperative plan was generated for all cases from CT scans and the BrainLAB navigation system (Feldkirchen, Germany). An alpha angle of 45°was selected as an indicator of adequate resection. Real-time tracking could be performed by the surgeon using a pointer with marker arrays to ensure resection was performed according to the preoperative plan. Postoperative CT scans were performed to assess the resections. Similar post-resection alpha angles were observed between all three surgeons. This nicely demonstrated how CAS could minimize the learning curve in FAI surgery and permit the less-experienced surgeon to perform bony resections equivalent to an experienced surgeon.
Most recently, Tannast's group have published the follow-up paper to their previous paper on ROM analysis in FAI [12] . Their current software combines their previous collision detection and ROM analysis technology [32] with a color-coded intraoperative map to guide resection in real time. The navigation application is based on the MARVIN application framework [29] where a 3D model of the patient's pelvis is derived from MR or CT. Preoperative ROM analysis is performed to define a zone of impingement. This is followed by a virtual cam decompression according to the preoperative plan to ensure an improved postoperative ROM without impingement. A superimposed translucent sphere prevents excessive resection, ensures sphericity, and depicts pre-and postoperative femoral morphology. The pre-planned resection area is highlighted on the screen as color-coded distance map with a red color indicating the pre-reamed state and a change to green when the reamer is within 1 mm of the resection goal (Fig. 4) .
The feasibility and accuracy of this navigation device was tested using 3D models of 18 identical sawbone femurs. Postoperative models were created to compare with preoperative plans. Two surgeons performed three different osteochondroplasties on three occasions and demonstrated excellent intraobserver and interobserver agreement with the mean distance between planned and actual reamed surface at the femoral neck of 0.41 mm. The discrepancy between planned and actual reaming was consistently less than 1 mm in all 18 sawbone operations. These results show beyond doubt the accuracy of this planning and tracking system. It seems to address the limitations of all the previous applications presented. The next test is going to be its applicability to an actual intraoperative arthroscopic setting.
Robotic-Assisted Execution
Robotic-assisted surgery is the most recent development in CAS and translates the quantitative assessment produced by navigation into an automated mechanical action. It moves one step beyond preoperative planning and navigation with even greater accuracy [28] . Surgical instruments are mounted on a robotic arm, which may partially or completely automate the entire surgical procedure, based on a preoperative plan. Robotic surgery provides a greater level of dexterity and precision, and even allows for unmanned or remote surgery [1] .
The most widely used robotic surgical system in use today is the "da Vinci" tele-robotic platform. It was licensed in 2001 for urological procedures and in 2005 for gynecological procedures by the US Food and Drug Administration. This system allows the surgeon to sit remotely at a console and control the movements of several robotic arms while viewing the operative site in three dimensions using stereotactic cameras. Currently, it is being used in procedures such as hysterectomies, prostatectomies, and gastric bypass.
There has been a preliminary attempt to apply the "da Vinci" surgical system to hip arthroscopy. By only using the instrumentation available to them, Kather et al. attempted to perform a hip arthroscopy on two fresh frozen cadavers [15] . They were able to resect the acetabular labrum with a hook knife and scissors. However, they had difficulty accessing the posterior or posteroinferior labrum, and the medial and posteromedial femoral head. This would currently limit the "da Vinci" system's applicability to FAI surgery, although it must be noted that the instrumentation being used was not specialized for the demands of arthroscopic surgery. This study shows that remote robotic hip arthroscopy is in its infancy but with time and appropriate instrumentation, robotic technology has the potential to allow orthopedic surgeons to perform complex procedures in very restricted spaces from a remote location.
There are already a number of robotic surgery systems in use in orthopedic surgery, especially in total hip and knee arthroplasty. The "Brigit" Bone Resection Instrument Guide applies preoperatively defined cutting limits to an intraoperative rigid multi-slot guide to assist the surgeon in accurate tool positioning. An advancement of this principle is the use of "Haptic" technology. "Haptics" is a tactile feedback technology that utilizes a preoperative plan to control the operator's movement and sense of touch by applying forces and vibrations. A haptically guided semi-active robot can therefore add virtual safety barriers based on patient-specific templates or preoperative plans to control the movements of the surgeon and his/her instruments. Haptically guided robotic technology has already demonstrated success in orthopedics. The group of Cobb et al. in London, UK, has used the Acrobot haptic-guided unicondylar knee replacement system (Acrobot, London, UK) to improve implantpositioning precision [10] . In a prospective randomized controlled trial of 28 knees, they found that the tibiofemoral alignment of all the robotically assisted knees was within 2°o f the planned position, whereas only 40% of the conventional group achieved this accuracy.
A system similar to the Acrobot has been developed in the USA: The Tactile Guidance System (MAKO Surgical, Fort Lauderdale, FL, USA). This system is currently being used to perform partial knee replacement and total hip arthroplasty. The senior author of this review has conducted a study on robotic-assisted femoral osteochondroplasty for FAI [27] . Sixteen identical sawbone models with a cam deformity were treated by a single surgeon simulating an open FAI procedure. Eight of the procedures were performed using a freehand technique, and eight were performed using robotic assistance with the MAKO system (Fig. 5) . For the models that used robotic assistance, a 3D haptic volume was defined by the desired postoperative morphology. After resection, all the sawbones were scanned, and post-resection measurements of the arc of resection, volume of bone removed, and resection depth were obtained and compared to the preoperative plan. The desired arc of resection was 117.7°starting at −1.8°and ending at 115.9°. The models resected using a freehand technique produced an average arc resection error of 42.0±8.5°. Those that were resected using robotic assistance produced an average arc resection error of 1.2±0.7°, which was significantly lower than the freehand group (p<0.0001). The average cutting time for a robotic-assisted resection was 210 s, which was significantly less than 303 s seen in the freehand group (p<0.001). This study shows that robotic assistance is significantly more accurate and precise than freehand techniques. The precision and accuracy that CAS offers over freehand surgery has also been proven in other well-constructed experimental models [8] .
Discussion
Arthroscopic FAI surgery remains challenging and continues to become more complex as our understanding of the mechanical sources of non-arthritic hip pain increases. A multitude of deformities can accompany a cam or pincer lesion and contribute to the stresses placed on the native hip joint. Despite the development of better instrumentation and increased surgical experience, inaccurate and inadequate resection persists as a problem. The majority of revision hip arthroscopies are currently being performed for inadequate resection, and unless the quality of the surgery improves, clinical results are likely to decline. CAS is an attractive proposition, as it not only improves our ability to diagnose FAI but it also helps to plan and execute osseous resection with greater accuracy. It is perhaps ambitious to believe that the anatomical and surgical complexity of FAI pathology can be treated with intraoperative surgical judgment alone.
The future of CAS in arthroscopic FAI surgery will depend on its ability to address all the current limitations of freehand surgery. The latest study of Tannast et al. is perhaps the best evidence to the significant advances that have been made in this field in a short space of time, as it integrates a kinematic preoperative plan with intraoperative tracking and a virtual postoperative assessment. The combination of these features with robotic assistance is awaited.
There are, of course, limitations to CAS as well. The prototypes discussed in this review have shown encouraging results in vitro, but clinical success and commercial viability is yet to be demonstrated. CAS has its own learning curve, and increased surgical times with navigation and robotics in surgery have long been a concern. Image-based navigation may require CT scans, and this contributes to extra radiation exposure for the patient. Finally, the accuracy of the computer-assisted process depends on the accuracy of the anatomical registration, and therefore, mistakes made at an early stage of the operation will be compounded as it proceeds.
In conclusion, the ideal CAS solution for arthroscopic FAI surgery needs to define the zone of impingement preoperatively, plan the bony resection based on a virtual impingement-free ROM, track arthroscope and instrument movement intraoperatively, guide the surgeon towards accurate resection with haptic barriers, and facilitate dynamic intraoperative assessment of ROM to ensure adequacy and precision of resection (Fig. 6) . CAS must also reduce technical difficulty, decrease operative time, minimize costs, demonstrate safety, and eventually improve patient outcomes. Although the ideal CAS solution is currently not available, the latest research suggests that it may be attainable.
